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SUMMARY

Wear and sliding friction properties of a number of nickel alloys
operating against hardened SAE 52100 steel were studied. These alloys
include "L" nickel, wrought monel, cast monel, cast modified "H" monel,
cast "S" monel, Invar, Ni-Resist 3, and Nichrome V. Some of the alloys
studied may be useful as possible cage materlals for high-temperature,
high-speed bearings for alrcraft turbines or for bearings to operate in
corrosive media. .

Desirable operating properties of all the materials could be
associated with the development on the rider surface of a naturally
formed £ilm of nickel oxide. On the basis of wear and friction proper-
tles, Ni-Reslst 3, modified "H" monel, and Invar were the best materials
studied in this investigation although they did not perform as well as
nodular iron. The "L" nickel performed well with light loads but was not
effective at higher loads when the surface £ilm broke down.

INTRODUCTION

Cages (separators or retainers) have been a principal source of
fallure in the rolling-contact bearings of sircraft turbine engines
(references 1 and 2). These fallures are generally lubrication failures
and occur at the cage locating surfaces as indicated in figure 1. Refer-
ence 3 discusses the condltions leading to failures at the cage locating
surfaces (high soask back temperatures, low length-diameter ratio, mis-
alinement, thermal distortion, etec.). The combined effect of these
conditions is the occurrence of extreme boundsry lubrication and metsgllie
adhesion which lead to the ultimate deterloration of mating surfaces.

The current design trend in aireraft turbine engines is toward higher
operating temperatures, higher surface speeds, and less viscous
lubricants. These factors will serve to increase the severity of the
cage problem for rolling-contact bearings.
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One means of reducing the severity of this problem is to make the
cages of Improved bearing materisls, that is, of materials which have
inherent "antiweld" charscteristics under marginsl conditions of lubri-
cation. As noted in reference 2 some measure of protection from welding
was obtained by silver plating one of the currently used cage materials
(bronze).

The currently used cage materials (brasses and bronzes), which
operate at temperatures less than 600° F, will probably be found inade-
quate from the standpoint of both strength and welding for cages of
bearings operating at temperatures from 400° to 600° F; it is possible
the nodular iron suggested as a cage materisl in reference 3 may also be
found inadeguate from a standpoint of strength at these temperatures.
Among others, the requirements for a cage materlal to operate at high
temperatures asre as follows: (1) adequate strength, (2) corrosion
resistance, and (3) antiweld properties. (It is considered that a
desirable cage material might have mechanical properties at proposed
operating temperatures that are approximately equivalent to the
mechanical properties of the materials in current use at present operat-
ing temperatures). A number of materials that might have adequete strength
and corrosion resistance at the proposed operating temperature are alloys
contalning relatively large amounts of nickel. Nickel slloys have not
genersally been considered as good bearing msterials up to the present time;
however, very little information on friction and wear properties is avail-
able. The only nickel alloy known to have been used as a cage materisl is
monel and its performance has been erratic (reference 3). Beside their
use at high temperatures under normal operating conditions, nickel =zlloys
might also be useful for cages of bearings intended for operation in
corrosive media, such as combustion gases, rocket propellants, and liquid
metals. These conditions may be encountered in turblne engine auxiliaries
and in new-type power plants for alrcraft.

The research reported herein was conducted at the NACA Lewis lsbora-
tory to study the friction and wear properties of several nickel alloys
that could be consldered for use in cages of rolling-contact bearings at
temperatures below 600° F. (Studies of materials to operate in the tem-
perature range above 600° F are reported in reference 4). The sliding
frictlon experiments described hereln were not simulated cage tests but
were made to obtain fundemental, comparative information on friction and
wear propertles which are a general measure of adheslon.

Because high-temperature equipment was lacking these runs were made
at room temperature. It is generally true, however, that materials having
good friction properties at room temperatures wlll slso have good friction
properties at elevated temperatures provided they have sufficlent mechanical
strength. During sliding, temperatures of contacting asperities approach
the melting point-of one of the materials regardless of ambient temperatures.
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The friction and wear experiments were conducted with loaded hemi-
spherically shaped specimens of different nickel aldoys sliding in a
continuous path on rotating steel disk specimens at room temperature.
Most experiments were run at a sliding velocity of 5000 feet per minute
with loads from 50 to 1593 grams. Wear debris was studied by means of
X-ray diffraction techniques. The nickel alloys studied are as follows,
listed in order of decreasing nickel content: cast monel, cast modified
H-monel, cast S-monel, Invar, and Ni-Resist 3. "L" nickel was included
for comparison purposes (as was wrought monel end Nichrome V from refer-
ence 3). The data were obtalned under both dry and boundary-lubrication

condltions.

MATERTALS

The materials used in this investigation have acceptable mechanical
properties at temperatures to 600° F. The strength of these materials
at 600° F generally compares favorably with the strength of the currently
used bronze materlisls at ordinary temperatures.

The materiels studied, their compositions, and some of their typical
Properties are listed in teble I. Although most of the values given in
table I are published dats, the hardnesses were found comparable with dats
obtained by means of a Rockwell superficial hardness tester. TInitial surface
roughness values for the disks were obtained with a profilometer. The
properties of "L" nickel, wrought monel, and modified "H" monel, cast
"S" monel, and Invar were obtained from reference 5 and other Internationsl
Nickel Company Inc. publications. The composition of the cast modified
"H" monel was obtained from the Marlin-Rockwell Corp. The data on
centrifugelly cast monel were supplied by the Janney Cylinder Co. Infor-
metion on Ni-Resist, type 3, was obtalned from the Electroalloys Division of
the American Brakeshoe Company.

The photomicrographs (X100) of metellograsphic specimens of the
elloys used in the friction and wear experiments reported herein are
ghown in figure 2. These photomicrographs show the types of structure
and the relative grain size of the various alloys investigated.

Because the proper materials were not avallable, all the nickel
alloys were run against SAE 52100 steel (Rockwell hardness C-80 -~ C-62)
as one of the specimen materials even though this steel will be unsatis-
factory for operation under high-temperature condltions. The materials
of most promise at the present time for the races and rolling elements of
bearings to operate at high temperatures appear to be the molybdenum tool
steels; these steels, in sizes required for the disk specimens of these
experiments were, however, unavallable at the time of this investigation.
Indications are that the results with the tool steel disks may not be too
much different (at equal hardnesses) from those with SAE 52100 steel disks.
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APPARATUS AND PROCEDURE

Specimen preparation. - In each experiment there were two specimens,
the rider and the disk. The rider specimens of the materisls being
investigated were cylindrical (S{B-in. diam., 3/4-in. length) and had a
hemispherical tip (5/16-in. rad.) on one end. The surface of the rider
specimens was finished by fine turning using minimum material removal
per cut in order to minimize surface cold working. The disk specimens
(13-in, diam.) were circunferentially ground on a conventional surface
grinder with light grinding pressures to produce a surface roughness of
10 to 15 rms as measured with a profilometer. These values of roughness are
within the range of roughness measurements obtained on cage locating sur-
faces of representative rolling-contact bearings (reference 6).

The rider- specimens were cleaned before each experiment with a clean
cloth saturated with redistilled 95-percent ethyl alcohol. The disk
specimens were carefully cleaned to remove all grease and other surface
contamination according to the detalled procedure given in reference 7.
Briefly, this cleaning procedure includes scrubbing with several organic
solvents, scouring with levigated alumina, rinsing with water, washing
with ethyl alcohol, and drying in an uncontaminated atmosphere of dried
air.

Friction apparatus. - The friction apparatus used for these experil-
ments 1s essentially the same as that described in reference 7. A dia-
grammatic sketch of the apparatus showing the holder assembly for the
rider specimens and the rotating disk specimen that are the primary parts
1s presented in figure 3. The disk 1is rotated by a hydraulic motor
assembly that provides accurate speed control over a range of sliding
veloclities from 75 to 18,000 feet per-minute. The disk specimen was
mounted on a flywheel assembled with its shaft supported and located by
a mounting block which contained bearing assemblies for accurate location..
Loading was accomplished by placing weights along the axis of the rider
holder. Frictlion force was measured by four strain gages mounted on a
beryllium-copper dynamometer ring and connected to an observation-type
potentiometer converted for use as a friction-force indicator. The gtrain
gages were so mounted that temperature compensatlon was obtained. The
coefficlent of friction |y 1is calculated from the equation

by = =
k=P

where F 1s the measured friction force and P the applied normal load.
The reproducibility of the coefficient of friction values in all but
lsolated cases was within +0.04 for dry surfaces and within £0.02 for
lubricated surfaces. The dats presented are complete data from a
representative experiment on each variable. -
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Friction-force readings are recorded by a motlon picture camers
(64 frames/sec) timed to operate for 3 seconds covering each separate
friction run.

Method of conducting experiments. - Wear runs of 3 hours duration
were made on dry surfaces with loads of 50 and 269 grams at a sliding
velocity of 5000 feet per minute. All runs were made at room tempera-
ture. The complete run was made over the same wear track (without
radial traverse of the rider specimen). Wear of the rider was determined
at regular intervals from measurements of wear-spot diameter made with a
calibrated microscope and by welght loss obtalned with an enalytical bal-
ence., The final wear-volume measurements could generally be reproduced
within +10 percent in different experiments on & glven material. Welght-
loss measurements were used as & rough check on the accuracy of the wear-
spot-diameter data. No wear meassurements were made of the sllder (disk)
specimen.

Friction runs to determine effect of loading were made with boundary-
lubricated surfaces at a sliding velocity of 5000 feet per minute with
increasing loads in inecrements from 119 grams to the failure polnt of the
specimens. The disk was lubricated before each 3 second run by rubbing a
very thin film of petroleum lubricant grade 1005 (Alr Force specification
3519, Amendment 2) on the rotating surface using lens tissue. Previous
experience at this laboratory has indicated that the film formed by this
procedure 1s sufficiently thin that hydrodynamic lubrication will not
ocecur. Reference 8 shows that a lubricant fllm of this ‘type may approach
a monomolecular f£ilm at the points of the surface asperities. Surface
fallure was established by both increased friction values and the
occurrence of welding (visible metal transfer).

The loads and the specimen shapes were so chosen as to produce
relatively high initial surface-contact stresses. In spite of the
relatively light loads and large apparent areas of contact of the cages
at thelr locating surface in rolling-contact bearings under normal con-
ditions, the actual contact stresses can be large. As discussed in more
detail in reference 9 (pp. 10-32), surfaces under nominal load and with
large aspparent areas of contact can have stresses at the localized contact
areas that are equal to the flow pressure (compressive yleld strength) of
the materials at the contacting asperities.

RESULTS AND DISCUSSION

As previously stated, the antiweld propertles of cage materials are
of primery importance, in fact, in many cases the antiweld or surface
failure properties are of greater importance than the friction properties.
The first stage of surface failure is a breakdown of whatever adsorbed
film of fluid lubrilcants may be present and the second stage is the con-
tact of metals free of fluld lubricant. This condition inecreases the
geverity of temperature flashes which increases the susceptibility to
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surface adhesion. Subsequently, incipient surface fallure occurs; this
condition 1s usually detected by increased friction and it is manifested
by minute surface welds or rapid gbrasion. The ultimate point of failure
is complete selzure or mass welding of the surfaces. In many cases, mass
welding does not produce the violent frictional behavior that might be
anticipated. Surface temperatures that accompany mass welding are gener-
ally extremely high (approaching the melting point) and may result in the
welded Junctions having such low shear strength that there is little or
no increase and possibly a decrease in friction. The presence of a
naturally formed reaction film such as an oxide mey generally arrest the
progression of failure.

Because of the importance of surface failure, particular effort was
made In the studies deseribed herein to detect its occurrence. Study of
the rates of wear and the appearance of the surfaces generslly made it
possible to establish the initisl occurrence of mass surface fallure.

Wear of unlubricated surfaces. - The data of figures 4 and 5 show the
total weer volume at different time increments up to 3 hours (180 min.) for
each material at g sliding velocity of 5000 feet per minute with loads
of 50 (fig. 4) and 269 (fig. 5) grams. For both loads, "L" nickel had
the lowest wear rates; 1t should be recalled, however, thet annealed
"L" nickel is included only for comparison purposes since 1t probably
does not heve adequate strength.

While cast monel has relatively good wear properties at the light
loads, the heavier load changed the wear rate appreciably. Of the
materlals included in this investigation therefore, those which show the
most promise from & wear standpoint under dry conditions are Ni-Resist 3,
modified "H" monel, and Invar.

Table II shows wear for all the materials studied as ratios of the
total wear (after 180 min) relative to that for "L" nickel; these ratios
are based on data taken from flgures 4 and 5. Table IT also summarizes
film-formation and surface-fallure properties of the materials of this
investigation; these properties will be described in detall as the
individual materials are discussed.

These wear deta show an appreclable effect of load on the relative
wear rates of the dlfferent materials. Relatively large increase in
wear for "L"-nickel with the heavier load is probably a result of low
mechanical strength. In general, the use of relations based on the
physical properties of the material will not explain the wear properties
observed in obtalning the wear data as reported. The nonlineasrity of
the wear curves presented in figures 4 and 5 Indicate that wear 1s not a
function only of -the mechanical properties of the materials and the
physical conditions of sliding. Rather, these data, as well as data
presented previously in reference 3, show the importance of the formation
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of surface £ilms on the metals. In many cases, abrupt changes 1n rate of
wear (slope of the wear curves) can be related to the breakdown or for-
mation of surface films on the rider specimens (e.g. Invar). It is by
virtue of the surface film formed during sliding that "L" nickel, a
meterial normally considered unascceptable for sliding surfaces, performs
in a manner superior to several widely used slider materials.

For the meterials of this investigation, conditions of the wearing
surfaces were changeable; films were continually forming, wearing away,
and reforming. Similarly, the coefficients of friction for most of the
materials were quite changeable. In general, the initial frictlon
coefficient values for all materials during the dry wear runs (0.25 to
0.35) were substantislly higher than the subsequent velues (0.10 to 0.15).
The trend of reduced friction with continued running coincides with the
formation of surface films and possibly cold working of the sliders.
Exceptions to this trend include wrought monel for which friction
increased with coantinued running time as the two conditlons of a pro-
hibitively high wear rate and surface failure were obtained.

Figures 6 and 7 present photographs of wear areas of several rider
specimens after the runs of figures 4 and 5, respectively. Microscopic
study of the surfaces of these specimens reveals conditions helping to
explain the behavior of the material during sliding. The photograph of
figure 6(a) shows the surface conditions of the "L" nickel specimen.
This specimen had perhaps the best appearing running surface obtained in
these experiments; it had a uniform black film on the wearing area and
there was no sign of surface failure. The trailing edge of this wear
surface shows evidence of plastically displaced metal resulting undoubt-
edly from the low yield strength of this material. The metals of higher
yield strength did not, however, have as good film-forming properties
as "L" nickel. When not subject to mass surface failure, all the monel
specimens formed surface films in streaks as shown for cast monel in
figure 6(b). The dark streaks are surface films or areas that appear to
have been supporting the load. It was possible to focus a metallurgical
microscope separately on the center of the light and dark areas shown in
figure 6(b) and to show that the dark areas were higher than the light
areas, thereby indicating that the dark areas were the bearing surfaces.

The films formed on the wear areas of the "L" nickel specimens run
with a load of 269 grams (fig. 7(a)) were not as continuous as those
formed with a load of 50 grams. Mass welding was, however, effectively
prevented. Previous work (reference 10) under static frictlon conditionms,
where there was no opportunity for this type of surface film to form, has
demonstrated that hardened steel and "L" nickel (as well as monel) weld
readily when in the clean state.

Modified "H" monel (fig. 7(b)) when run with a load of 269 grams,
produced the same sort of wearing surface that was generally observed
for all cast monel metals with both the 50-gram (fig. 6(b)) and the
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269-gram load. For these materials 1t is possible that the f£ilm formed,
after which subsequent plestic deformation of the base metal could take
Place resulting in a mixture of the film and the base metal. This mixture
of these two materials could produce a surface layer having less tendency
to weld than the original metal.

The wear tracks on the disk specimens shown in figure 8 are the
surfaces agelnst which the slider specimen wear areas in figure 7 were
run. In general, the wear tracks on the disk specimens showed either a
uniform smearing of transferred metal or "globs" of welded metal from
the rider specimens. The smeared surfaces were mostly coasted with the
same naturelly formed films found on the rider specimens. The wear track
on the disk specimen that operated against "L" nickel (fig. 8(a)) indicated
the material had been transferred from the "L" nickel specimen to the disk;
this transferred material then formed a dark film.

Modified "H" monel was more susceptible to surface welding than
"L" nickel; many small globs of welded material were found on the wear
tracks of the disk (fig. 8(b)). None of the rider materials caused
significant damage to the disk surfaces; the running surfaces on the
disks were, in fact, formed by transferred rider materials. It was
probably only because of the films formed on the surfaces that mass
welding was not common to all materisls.

Where surface photographs are not included in this report the surface
appesrance of many of the specimens may be considered as being approxi-
mately represented by the flgures that are included according to the
comparison given in table III.

Friction of lubricated surfaces. - Under effective boundary-
lubrication conditions, the materlal properties of the slider are of
less importance than when marginal boundary lubrication occurs.
Consequently, a series of runs was made with all the materials sliding
on marglnally boundery-lubricated disk surfaces; these results are pre-
sented in figure 9. The runs were made at a sliding velocity (5000 ft/min)
that was intended to be above the bresk point of partial film failure for
grade 1005 0il. As described in reference 11, the breask point was
approximately 2500 feet per minute. The data on the various slider
materials were obtained with extremely poor boundary lubrication since it
is under such conditions that the sliding properties of the materisls are
important. As compared with these data, when effective boundary-
lubrication conditions are obtained, the friction coefficient values are
generally in a range from 0.08 to 0.15 with petroleum lubrilcants.

Figure 9(a) presents friction data for the monels, and figure 9(b)
presents data for the remalning nickel alloys. The cast monels used to
obtain the data of figure 9(a) did not, generally, have as erratic friction
values as wrought monel reported in reference 3. At loads under 500 grams,
modified "H" monel showed little evidence of lubrication or surface failure.
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At loads between 600 and 1000 grams, except for wrought monel, there was
1ittle difference in frictlon coefficient. At loads above 1000 grams,
the cast monel had such erratic friction that it was impossible to
obtain dependable values.

The friction coefficients for "L" nickel and Invar (fig. 9(b)) are
much higher than those for the other alloys. At the higher loads the
"L" nickel, and to a lesser extent the Invar, showed mass plastic flow
adjacent to the surface. This condition produced erratic friction since
the plastic nature of the metal made it impossible for a stable surface
film to be formed.

The presence of a lubricant on the disk did not prevent the formation
of surface films on the wear areas of the rider specimen. Wear areas of
"L" nickel and modified "H" monel rider specimens after similar series of
friction experiments are shown in figure 10. Annesled "L" nickel
(fig. 10(a)) did not have sufficient yileld strength to support the stress
(corresponding to the maximum load of 1593 g) developed in these experiments.
The irregularity of the wear spot as well as the surface appearance indi-
cated that mass plastic flow of the material occurred when the rider
specimen was overloadedj the presence of a film (which was apparent on
the surface), however, prevented harmful surface welding. Modified
"H" monel had a wear spot (fig. 10(b)) that again was characteristic of
all the cast-monel materials. The film formation was nonuniform. There
was evidence of surface welding on the modified "H" monel specimens.

X-ray diffraction study of wear debris. - Specimens of the black
powder formed during the wear runs with the nickel alloys were obtained
from the disk surface. X-ray powder patterns were taken with a Debye-
Scherrer camers using msngenese radiation. The d values for the wear
debris from each alloy and the d values for standard materials are
compared in figure 11l. In figure 1l(a) the d values of the alloys
approach the d values of the face-centered cubic nickel. The sglight
variations were caused by the influence of the alloying elements in the
space lattice of the nickel. Therefore, "L" nickel was used as a stand-
ard to compare with the d values of the debris. As is evident in
figure 11(b) nearly all the diffraction patterns of the wear debris from
various materisls contained lines corresponding to the standard pattern
of "L" nickel. At d wvalues of 2.06, 1.46, and 2.4 Angstrom units,
however, other lines are apparent in many of the patterns. These lines
correspond generally to the A.S.T.M. 4 values for nickel oxide. Fig-
ure 11(b) is therefore set up with two known patterns, the "L" nickel
standard and the nickel oxide bracketing the patterns obtained from
debris of the various materials. Thus, it is seen that the diffraction
data indicate that both the nickel oxide and the original alloy are
present in the wear debris. The lines of nickel oxide corresponding to 4
values of 2.07 and 1.27 Angstrom units in most cases cannot be resolved
from the lines of the standsrd alloy. Extra lines are observed in the
wear debris pattern of "L" nickel; these lines may be due to different
forms of the oxide.
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The exact proportion of oxide to alloy could not be determined from
these diffraction data but 1t was apparent that some of the wear debris
samples contalined more oxlde than others. The most noticeable was the
wear debris from "L" nickel. The diffraction pattern shows that it
consists almost entirely of oxide (fig. 11(b}). On the other hand,
diffraction patterns from the wear debris of the monels showed that only
small amounts of oxide (if any) were present. For example, it is
questionable on the basis of diffraction data, whether much oxide is
present in the debris from modified "H" monel and from "S" monel. As a
very general rule, it was found from observstions of the diffraction
intensities that those materials which resulted in the least wear yilelded
wear debris containing the greatest percentage of oxide to alloy. This
conditlon is consistent with the consideration that the naturally formed
oxlde film 1s an effective solid lubricant which reduces wear and surface

damege.

Practical significance. - Consideration of all the date presented,
as well as all the other factors of practical importance, indlcate that,
of the materials included in this investigation, Ni-Resist 3, modified
"H" monel, and Invar are probably the most sulted for sliding surfaces
under conditions of extreme boundary lubrication. These three materisls
may, however, not be as well sulted as the nodular lron of reference 3.
The diffraction data indicate that Ni-Resist 3 readily forms a film
which diffraction date indicate 1s & nickel oxide. The coefficient of
thermal expansion of Ni-Reslst 3 (5.25X10'6) makes 1t appear that this
material would be more suited to rolling-contact bearings with outer-
race riding cages than with lnner-race riding cages because of thermal
expansion effects at the elevated temperature. Modified "H" monel with
a coefficient of thermal expansion of 6.8X10-6 appears best suited for
inner-race riding cages. Invar, with a coefficient of thermal expansion
of O.6X10f6, may be suited for particular applications requiring little
dimensional change with temperature.

The experiments ilndicste that the friction and surface fallure
properties of the nickel alloys are dependent to a large extent on the
formation of oxlde filme on the running surfaces. In consequence, the
atmosphere, which most likely supplies the necessary oxygen for film
formation, is very important to the proper functioning of the material
a8 sliding surfaces. Caution must therefore be used In employing these
materials for sliding surfaces deslgned to operate in inert or reducing
atmospheres. :

Under static-frictlion conditions the beneficilal oxide films would
not usually form but under sliding-friction conditions the probability
of film formation is enhanced by high surface temperatures. Most data
gvailable on friction behavior of nickel and nickel alloys are static-
friction data. Those data indicate undesirable frictional properties,
which have led to the general opinion that nickel alloys are not sultable
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for sliding surfaces. It therefore appears that a lack of understanding
of the behavior of nickel and nickel alloys under sliding conditions may
heve prevented their use in the solution of many problems. In prectical
applications the formation of oxide fllms on the contacting surfaces
during inltial operation would probably protect these parts in subsequent
fallure during static or shutdown periods. Pretreatment of the contacting
surfaces to form oxides might be necessary to insure agalnst surface
damage in the initial period of operation, until the natural oxide films
are formed.

The data of these experiments do not meke it possible to arrive at
any conclusion regarding the effect of metallurgical structure on wear
and frictlon properties. With materials having similar compositions,
however, it was found that the cast metals perform in a manner superilor
to the wrought form of the metal. The best example of this result is a
comparison of wrought and cast monel (figs. 4 and 5).

Preliminary experiments at room temperature with the materials of
this investigation against disk specimens of 18-4-1 tool steel showed
the same general trend obtalned with disk speclmens of SAE 52100 steel.

The data reported herein were obtained at room temperature; however,
the general trends observed (particularly the surface welding and friection
properties) are believed to indicate what might be expected at the temp-
eratures of interest. Reference 9 indicates that friction is affected
only slightly by temperatures even as high as 1000° C. The mechanical
strength and chemicel (for example, oxldation) behavior of the materisls
of this investigation (both disk and rider specimens) are not significantly
affected by the temperatures considered.

SUMMARY OF RESULTS

Investigation of wear, friction and surface fallure properties of
dry surfaces and of boundary-lubricated surface of "L" nickel, monel,
wrought monel, cast monel, modified "H" monel, "S" monel, Invar,
Ni-Resist 3, and Nichrome V s8liding on hardened SAE 52100 steel were
conducted at room tempersture. The alloys investigated may be useful
as possible cage materlels for high-temperature rolling-contact bearings
of high-speed turbine engines. The research produced the following
results:

1. Desirable operating properties of all the materials studied
could be assoelated with the development on the rlder surface of a
naturally formed film which X-ray diffraction patterns indicated was
predominately nickel oxide. High-temperature operation in air would
accelerate formation of the beneficial surface film; in consequence,
the best of these materials could perform well in cages of high-
temperature rolling-contact bearings. Pretreatment to form a surface
film before operation would probably be beneficial.
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2. On the basis of wear and friction properties Ni-Resist 3,
modified "H" monel, and Invar were the best of the materials studied
in this investigation although they did not perform as well as nodular .
iron. Of these materials, Ni-Resist 3 showed the best film-formation
properties. The first two materials have thermal expansion coefficlents
approaching that for steel, Ni-Resist 3 being less than and modified
"H" monel being greater than that for SAE 52100. Cast modified "H" monel
showed the ilnconsistent performence characteristic of monel metals which
results from erratic surface fllm formation. In general, cast monels
have better friction and wear properties than the wrought form of these
netals.

3. Annealed "L" nickel performed very well at light loads but had
insufficient yleld strength for. operation with the heavy loads.

Lewlis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, April 24, 1952.
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TABLE I - TYPICAL VALUES FOR FROPERTIES OF MATERIALS

Property
Material Nominal Tensile Tield Brinsll | Modulus Density Coefficlent® |Coefficiant Melting
composition strength strength | herdoness of {1b/cu in.) | of therwal of therwal point
(percent) K1b/eq in.)|(1b/eq in.) elasticity expansion condnetivity {°F)
{1n./10i/°F) (Btu.{( rt) |{spproximate)
() og?in.)
“L® nickel 99.4 Wi 60XL0° 15xip> %0 s0%a08 0.321 7.2x10-8
(ennealed) 0.02 € (wax) (32°-2120 F) 420 2625
A cu
.15 Fe
.2 Mn
.05 Bi : '
nel 67.0 N 110x10° 10010 %40 28x106 0.319 7.8x0% | 180 _
(wrought) 30,0 Cu (3202180 W) | (32°-212° F) 2460
L.4 Pe
1.0 Mn
Monel 67.0 i 65%.0% s2.5x05 | 110 [19%00° 0.312 8.8x0"6 180
(cast 29.0 Cu (32°-212° F) | (32°-212° F) 02425
centrifugally) | 3.0 Fe
1.50 Mn
Modified "HY 62.06-62.8 W1 |“100%a0° Cg0210° cp10 |czoxwo8 5. 305 8.8x0~8 €180 c2375
monel (cast) 31.43-32.3 Cu {320-212° F)
1.49- 1.95 Pe
3.25. 3.66 81
0.55- 0.76 Mn
.016- .025 C
"S* monel &35 W 130007 100%10° 320 | 21apb 0.302 6.8x108 180 2525
' (east) 0 Cn (320-212° 7)
481
2 Fe .
Tavar 36 Ni 75705 50x10° 140 | zuaod 0.292 0.6x0-6 73 2600
{hot-rolled) B4 Fe (522-212° ¥)
Ni-Resiat 28.91 M1 25-35:0% 13.5%10° | 120- (15 %o 5.267 5.25%10°6 232 2250
{trpe 3) 1.78 BL 150 | 15.5%1p® (70°-400° F)
62.5 Fe
5.47 Cr
2.58 C
Fichkrome V 80 Ki 1ox10% 832005 20 31%10% 0.303 9.8x078 388 2550
(wrought) 20 Cr {70°-1800° F)| (104°-212° F)
®por comparison with: SAE S2100 steel, 6.49%10°8 (77°-300° F); 18-4-1 tool steel, 6.6%10-5 (80°—400° F).
Cassurad.
Coatdwantad Theasnd A alawd s seedaedals
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TABLE II - SDMMATION OF WEAR, FILM-FORMATION, AND BURFACE-FAILURE PROFERTIES OF SEVERAL NICKEL ALLOYS

Load MATERTALS
(&)
"L" nickel Nichroos V Monel Monel Wodified "E" 3" wmonel Invar Ki-Resiet 3
(wrought) (cant) mnonel
Relstive amount of S0 1.0 10.2 9,1 5.6 5.9 9.7 8.0 4.6
total wear volums
as ratlo of total
wear yolume for 269 1.0 4.5 (a) 7.2 2.2 5.9 2.3 1.4
"L" niokel
Film-formation Film formed Honuniform Noncontinuous | Noucontinuous ; Noncontinuous | Noncontinuous | Film formed Roncontinuous
properties readily: film | noncootinuous | £11lm at light | filme formed. | film formad. film formed. readily; £1lm formed.
spalled at film formed. loads; no film epalled
high ioads. formed at high slightly at
loads. high loads.
Surface-failure No wolding; No mmas sur-~ | Inconsistent Bome welding Boms welding Bome welding Some metal Soms welding
properties axcessive face wolding; | welding at and metal and meta) and metal transfer to and mpeatal
plastic incipient 1light loads; trensfer to tranafer to trensfar to disk speoimen.| transfer to
darpmtion welding at plaatic disk speclwen. | disk specimen.| disk apecimam. disk specimen.
at high loads greater | deformation
loads. than 800 g. at high
loads.
o e _a_m . e R wara
g'l‘(U..l'I. LermnaLed Aarcter Lo mn. ACA
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TAELE 111 - COMPARISON OF SURFACE CONDITIONS CF SPECIMEND

Eﬁor specimens which do not have surface photographs included 1n
the report, the flgure number of a photograph approximately

representing the surface appearance is given insteadu]

Experiment Materials
"L" nickel | Nichrome V Monel |Monel [Modified "H" | "8" monel | Invar | N1-Reaist 3
(wrought)} (cast){monel (cast) {cast)
Figure
Rider specimen, 6(a) (1) (2) 6(b) 6(b) 6(b) ——— (3)
90-gram wear run
Rider specimen, 7(=) (1) (2) 7{b) 7(b) 7(b) 7(=) -
268 -gram wear run
Disk wear: track) 8{a) (1) (2) 8(b) 8(b) 8(b) 8(b) 8{b)
269-gram wear r1|.m
e . : Y PR RN [y RN (R RPN Y R ol N
Rider specimen, Ola)j (1) \2) O{b) 10(b, 10(Db) 10{a) O{Db)
lubricaeted |
_ L
lPhotogra.ph in reference 3 which ghows black oxlide £ilm. o

2]E’hoto.c_:;raph In reference 3 which shows severe plastic deformation.

3

Sowewhat similar to figure 7(b) except without evidences of cold-working.
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failures

@ — Tahwifantion
EEbisAuRe Sprntesth

o
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[ T L
JALDILGE, b LULL
fallures

~ Cp-2320

{b) Rollex-riding cage.

Figure 1. ~ Location of lulrleation failures et cege locating surfaces of rolling contact bearings.
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C-29717

Figure 2. - Photomicrogrspha of metallographic specimens of nickel alloys used In wear and friction experimenta. X100.
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Photomicrographs of metallographic specimens of nickael alloys used in wear and friection

ot .v.... ..."Il...L.;
|.-ﬂV’ i,.-l-i- ..‘bw,‘
DR A o L
L mAT el

rr)
o
4!
1
¥
~ 3
vrought);
Carapella

2

b
ki
Fs
4
X
(£) Invar (
etchant

G-29718

(cast); etchant, Carapelia.

experimente.

(e) Modified "B" monel

-]

(d) "S" monel (cast)
etchant, Carspella.
- Continued

rigure 2.




(g) Bi-Resist 3 (cast); W (h) Nichrome V (wrought);
etchant, Carapellia. Cc-23719 etchant, electrolytic
oxallc.

Figure 2. - Concluded.

Photomlcrographs of metallographie specimens of nickel elloys used in wear and friction
experiments. X100.
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22 NACA TN 2758

.40x10~3 !
Nichrome V
(date from
reference 3)
& PUS" monel
5 A
*v4 /| Monel (wrought)
/// ey (data from ref-
f*:e”' / erence 3) -
; AV
.24 7/
; 7y | |
g\ '/// l/cjklnvar
1— —' Modifled "E" monel]
2 4 / / 7 | |
16 A . /&,Ni-Resist" 3 -
§ 77z ——
=
/// z - FMonel (cast)
ﬁ o > //
_ ‘:Q.;7 ,,/’///—‘—___JJ—""—
.08 7/ // /
z lﬂ E gi/:fi::j&’——,
V 0 "L nickel
/K ,___——-—-—'—0'—_'—__
—o——¢
0 40 80 120 - .160 ; 200
Time, min

Flgure 4. - Wear of several materlals sliding agalnst hardened SAE 52100 steel.
Sliding velocity, 5000 feet per minute; load, 50 grams.
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=3 =1
1.9%X10 £ ﬁ Wear volums,
///// 2.24 cu. in.
A
1.8 Monel (wrought) //’
(data from
reference 3) //////
1.6 Vi
|/
4
J//Lonel (cast) N%gzizmngm

1.4
/ %

reference 3)

/
/ ,/'//, /ﬂ>"S" monel

1.2 H ~ /

Wear volume, cu. in
|—I
o
\
N
N\
N

P

' T / / / J7Inva-ri

//7 Modified "H" monel
—

Ni-Resist 3

|
Vs
N v

NP ABE=uman
.2 IT A/ //:/ ’,//‘/ — —
LA
o
0 40 80 Tige, mianO 160 ZIOO :

Figure 5. - Wear of several materials sliding against hardened SAE 52100 steel.
S1iding velocity, 5000 féet per minute; loed, 269 grams.
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(a) "L" nickel. C.29720 (b) Monel (cast).

Figure 6, - Wear areas of rider specimens of various materials after 3-hour operation agalnat hardened SAE 52100 steel
without lubricatlon. B8liding veloecity, 5000 feet per minute; load, 50 grams; X15.

44

BGL2 NT VOVN




4Y

NACA TN 2758 25
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~-hour operation againet hardened SAE 52100 steel
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Flgure 7. - Wear areas
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(a) "L" pickel. (Fig. 7(a) (b) Modified "E" momel.
shews mating swmrface. ) (Pig. 7(b) showe mating surface.)

Figure 8. - Wear tracks on dlgk specimems of bardensd SAR 52100 steel after 3-hour operation using slidsrs of warious
matorials without lubrlcaticn. Sliding veloclty, 5000 feet per minute; load, 269 grams; X15,
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34_'0
Monel (wrought)
(data from
reference 3)
/-/- — - - -
o .50 — el /
o /]
o 4 :‘
:_'{} ’/—'\h . Monel {cast)
2 }:;/ A~ P
¥ L o P
o 20 £ —D = 'ﬂ\__ —
8 /S Z o L R —o] i g P Modified "H" monel
- “—— __‘?Z_.__,?t - -—&"*:0—.--3”__ 'A-'_r——-
= S SE
4 4 \74{ f‘_{ 8" monel (cast)
b
© 10 P A .a{/
A
i |
0 200 400 600 800 1000 1200 1400 1600
Load, g

(a) Monel (cast), modified "HE" monel, "8" monel, and Monel (wrought).

Figure 9. - Effect of load on friction of several waterials sliding on hardened SAE 52100 steel boundary

Jubricated wlth grade 1005 turbine oll. 8liding veloeclty, 5000 feet per minute.
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Figure 9. - Concluded.

(b) "L" nickel, Inver, Ni-resist 3 and Nichrome V.

Effect of load on friction of severel materiale sliding on hardened SAE 52100 steel

boundary lubricated with grade 1005 turbine oil. Sliding velocity, 5000 feet per minute.
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(a) "L" nickel. W (b) Modified "H" monpel.

C-.29723

Figure 10. - Wear areas of rilder specimens of various materialas after sliding against bardemsd SAE 52100 steel
boundery lubricated with grede 1005 turbine oil. 8liding velocity, 5000 feet per minute; load, 119 to
1593 grams; X15.

Ag

852 NI VOVN

g2




30

NACA TN 2758

"L" nickel
standard

Monel (cast)
standard

Invar standard

Ni-Regist 3
atandard

(a) Comparison of standard patterns.

"L" nickel -
standard

"L" nickel
debris

Monel (cast)
debris

Modified "H"
monel debris

"S" monel
debris

Invar standard

_—
—
—
et
—

Ni-Resist 3
debris

RN | |

Nickel oxide
(Ni 0) standardl

I I

T

1.0

(v)

1.4 1.8 2.2 2.6 3.0
Interplanar distance, 4, A.

Coumparison of patterns from debris with standsrd patterns from "L" nickel

and nickel oxide (Ni 0).

Figure 1l.. - X-ray diffraction date for wear debris of nickel alloys run 3 hours in wear
experiments with 289-grem load at sliding velocity of 5000 feet per minutes.
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